mislocalized proteins (Nelson and Lemmon, 1993). Here, we describe a rapid and specific attenuation of translation initiation in mutant yeast cells affected in diverse stages of the secretory (sec) and endocytic (end) pathways and in wild-type cells treated with chlorpromazine (CPZ), which changes the structure of membranes (Kamada et al., 1995). Importantly, this translation attenuation response takes place before the coordinate transcriptional repression of rRNA, tRNA, and r protein genes that has been previously reported in sec-defective and CPZ-treated cells (Li et al., 2000; Nierras and Warner, 1999). reduction in the polysome content were observed for all the mutants but not for the wild-type strain. A similar but less pronounced effect was observed after a 5 min shift to 37ЊC (data not shown). Often, a very slight ina vps1 null mutant. Vps1p is a dynamin-like protein, whose loss of function blocks two distinct pathways crease in the 80S peak and a reduction in the polysome content were also observed in the wild-type strain after from the trans-Golgi network to the vacuole (Conibear and Stevens, 1998). However, no differences were obthe temperature shift (Figure 2A) . However, the pronounced difference between wild-type and sec, cop1-1, served to wild-type polysome profiles (data not shown). Altogether, these data suggest that translation initiaor end3-1 mutant cells after the temperature shift clearly indicated that the redistribution of polysomes into a 80S tion is rapidly inhibited by a deficient vesicular transport along the sec and end pathways but not by a transport peak cannot be just attributed to the temperature shift to 37ЊC itself. Moreover, the large 80S ribosome population defect from the biosynthetic pathway to the vacuole. was mostly nontranslating couples rather than monosomes engaged in translation, since high-salt treatment Attenuation of Translation Initiation in Vesicular Transport Mutants dissociated most of the 80S peak into 40S and 60S r subunits (data not shown). We also measured the relaTo further analyze the inhibition of translation initiation in distinct vesicular transport mutants, the kinetics of tive amounts of 40S and 60S r subunits in low-Mg 2ϩ sucrose gradients. A similar 60S/40S A 254 ratio of around polysome redistribution upon a shift to 37ЊC was investigated in the sec4-2 and the end3-1 mutants as well as 1.7 was obtained for all the sec, the cop1-1, and the end3-1 mutants as well as for the parental wild-type in the isogenic wild-type strain. As shown in Figure 2A , wild-type cells had nearly normal levels of polysomes strain when grown at 22ЊC or shifted for 15 min at 37ЊC (data not shown). All these profiles and r subunit quantifieven 45 min after the shift to 37ЊC. However, a drastic redistribution of polysomes into 80S couples was evications are typical of mutants affecting key translation initiation factors, and they are indicative of an inapprodent for both the sec4-2 and the end3-1 mutants even after 15 min shift to 37ЊC. This redistribution was almost priate binding of the 43S preinitiation complex to the mRNA (de la Cruz et al., 1997).
Results

General Vesicular Transport Defects Lead to a Rapid Loss of Polyribosomes
complete at this time point for the sec4-2 mutant, and it did not increase with longer incubation at 37ЊC. It In addition, polysome analyses were performed with 30% in the sec4-2 mutant compared to the wild-type strain ( Figure 2C) . A similar, albeit kinetically slower, reduction was also observed for the end3-1 mutant (Figure 2D) . Importantly, these results were not due to differences in [ 35 S]methionine uptake into cells ( Figure 2E ). Altogether, these results indicate that cells rapidly adapt to a block in vesicular transport through the plasma membrane by reducing their rate of protein synthesis. Since the degree of inhibition accounts for a maximum of 30% of total protein synthesis and is constant over time (even after a shift to 37ЊC for 2 hr, data not shown), we refer to this response as attenuation of translation initiation. We consider that this attenuation is perfectly consistent with previous results obtained for a sec1-1 (ts) mutant, which indicated that protein synthesis suffers first a fast decrease but then continues for several hours after the temperature shift (Novick and Schekman, 1979).
Translation Attenuation Is Not Caused by Repression of Ribosome and tRNA Synthesis
A possible explanation for the attenuation of translation initiation in response to a vesicular transport defect is that it occurs indirectly via the previously reported repression of ribosomal component synthesis (Li et al., 2000; Mizuta and Warner, 1994). Therefore, we first analyzed by pulse-chase labeling the synthesis and processing of pre-rRNA in isogenic wild-type, sec4-2, and end3-1 cells. As shown in Figure 3A , the formation of mature 25S and 18S rRNA was similar in wild-type, sec4-2, and end3-1 cells after a shift to 37ЊC for 15 min. However, the formation of mature 25S and 18S rRNA was reduced in sec4-2 and end3-1 cells compared to the wild-type strain after a shift to 37ЊC for 90 min (Figure . levels may theoretically lead to a polysome profile simiThus, we thought that a similar regulation might occur lar to those observed for translation intiation factor muin S. cerevisiae. To monitor the levels of UPR induction tants. However, the levels of tRNAi Met were maintained after a treatment with tunicamycin, we used a wild-type normally at 37ЊC in the sec4-2 and end3-1 mutants for strain harboring an UPRE-lacZ reporter plasmid. We the various time points with no obvious difference comfound that wild-type cells require an incubation of about pared to the isogenic wild-type strain ( Figure 3C ). We 60 min with tunicamycin to fully induce the UPR (Suppleconclude that the attenuation of translation initiation in mental Figure S1A , available online at http://www. response to vesicular transport defects is not caused molecule.org/cgi/content/full/13/3/357/DC1). Howby a decrease in tRNAi Met abundance. ever, when the sec4-2 and end3-1 mutants were shifted for 60 min to 37ЊC, the UPR could not be further induced from the levels observed at the permissive temperature Membrane Alteration Induced by Chlorpromazine Also Attenuates Translation Initiation (Supplemental Figure S1B , available on Molecular Cell's website). These findings indicate that a defective vesicuTo discard any temperature effects on the translation initiation attenuation response when compromising the lar transport through the plasma membrane does not substantially affect the folding of proteins in the ER. Therefore, the UPR does not, at least in the sec4-2 and end3-1 mutant strains, mediate the attenuation of translation initiation. In agreement with these results, we only found a very slight increase in the 80S peak and normal polysome content when polysome profiles were analyzed in wild-type cells treated with tunicamycin for 60 min, which is the time required to fully activate the UPR (Supplemental Figure S1C , available on Molecular Cell's website). Similarly, DTT, which also induces the UPR by preventing disulfide bond formation during protein folding in the ER, neither led to a translation attenuation response, as judged from the normal polysome profile observed after a 60 min treatment (data not shown).
In contrast, when we treated wild-type cells with CPZ, no UPR induction was observed even after 60 min of treatment (Supplemental Figure S1A , available on Molecular Cell's website). However, a dissociation of polysomes and accumulation of 80S couples were observed within 5 min of treatment, and it remained constant over time ( Figure 4A ). CPZ inserts into the lipid bilayer of the membrane, thereby inducing membrane stretching and thus mimics a membrane stress (Kamada et al., 1995). Importantly, the polysome profile obtained for CPZtreated cells resembles those observed for the sec mutants and the end3-1 mutant at 37ЊC. We conclude that the translation attenuation response detected in vesicular transport mutants is neither a consequence of the temperature shock nor a consequence of the induction of the UPR but could result from a membrane stress. expression of a nonphoshorylable eIF2␣ mutant (S51A) or deletion of GCN2 suppresses translational inhibition the attenuation of translation was mainly brought about via inactivation of the TOR pathway, we reasoned that in response to the above-mentioned starvation conditions. To test whether the observed translation attenuathe tap42-11 mutation, which confers partial rapamycin resistance (Di Como and Arndt, 1996), would suppress tion response relies on activation of Gcn2p, we first analyzed the effect of adding CPZ to mid-log phase at least partially the redistribution of polysomes into 80S couples when cells are treated with CPZ. However, when cultures of a gcn2 null and the respective isogenic wildtype strain. As expected, polysomes from wild-type cells tap42-11 cells were treated with CPZ for 15 min, the observed redistribution of polysomes into 80S couples were rapidly redistributed into 80S couples within 5 min of CPZ treatment, with the redistribution being almost was similar to that obtained for wild-type cells (data not shown). Therefore, these results suggest that the complete after 15 min of CPZ treatment ( Figure 4A) . However, the gcn2 null mutant strain was resistant to attenuation of translation initiation in response to a membrane stress is unlikely the result of the inactivation translation attenuation elicited by CPZ as was the SUI2-S51A mutant that can no longer be phosphorylated by of the TOR pathway.
The most prominent example of signal-mediated Gcn2p. Interestingly, we found that the abrogation of the translation initiation defect was not complete in certain genetic backgrounds ( Figure 4A) , which implies the existence of an additional mechanism(s) of regulation (see below). To confirm a role of Gcn2p in the translation initiation attenuation response in membrane-stressed cells, we next investigated whether CPZ stimulated eIF2␣ phosphorylation on S51. To do so, whole-cell extracts were obtained for CPZ-treated wild-type cells at different times and subjected to Western blot analyses with antibodies specific for eIF2␣-P. As expected, these cells showed increased levels of eIF2␣-P, and no eIF2␣-P was detected in cell extracts prepared from the SUI2-S51A and ⌬gcn2 control strains treated with CPZ for 30 min ( Figure 4B ). As previously reported (Cherkasova and Hinnebusch, 2003), a slight increase in eIF2␣-P was detected in wild-type cells treated with tunicamycin for 30 min ( Figure 4B ). However, our results suggest that the levels of eIF2␣-P in tunicamycin-treated cells may not be high enough to lead to a clear attenuation of translation initiation as shown by polysome profile analysis (Supplemental Figure S1C , available on Molecular Cell's website). Subsequently, we checked whether levels of eIF2␣-P were also increased in sec4-2 and end3-1 cells. These two mutants and the isogenic wild-type strain were grown at 22ЊC, shifted to 37ЊC for various time points, and then whole-cell extracts were subjected to Western blot analysis. The eIF2␣-P content slightly increased in wild-type cells only 15 min after the shift but resumed to normal steady-state levels at longer time points ( Figure 5A ). This is likely due to an adaptation no increase in the eIF2␣-P levels was observed for the (B) Wild-type (RH448), sec4-2 (RH1554), end3-1 (RH1623), ⌬gcn2 sec4-2 ( Figure 5A ) and sec7-1 mutants (data not shown).
(H1333), sec4-2 ⌬gcn2 (ODY229), and end3-1 ⌬gcn2 (ODY211)
These data indicate that eIF2␣ is phosphorylated on strains were grown and shifted as above. Cells were harvested S51 residue as a result of specific vesicular transport before and after the shift, and polysomes were analyzed.
defects. To corroborate the importance of the phosphorylation of eIF2␣ in attenuating translation initiation upon a defect in vesicular trafficking, we next constructed after a shift to the restrictive temperature suggest that sec4-2 ⌬gcn2 and end3-1 ⌬gcn2 double mutants. These another regulatory mechanism might contribute to the two double mutants, as well as the sec4-2, end3-1, translation attenuation response. ⌬gcn2 single mutants and the wild-type strain were To determine whether this second mechanism relies grown at 22ЊC, shifted to 37ЊC for 15 min, and then on the function of the yeast 4EBPs Caf20p and Eap1p, polysomes were analyzed. As shown in Figure 5B , a we analyzed the effect of adding CPZ to mid-log phase translation initiation defect was still observed in sec4-2 cultures of caf20 and eap1 null mutants and the isogenic ⌬gcn2, as judged from the redistribution of ribosomes wild-type strain for 15 min. A clear redistribution of polyfrom the polysome region into the 80S peak. In contrast, somes into the 80S peak is observed when ⌬caf20 cells it is apparent that the deletion of GCN2 that prevents are treated with CPZ for 15 min, where the intensity of the phosphorylation of eIF2␣ restored the wild-type 80S the response is quite similar to that obtained for wildpeak in the end3-1 ⌬gcn2 double mutant. Similar results type cells ( Figure 6A ). Interestingly, deletion of EAP1 as for the end3-1 ⌬gcn2 double mutant were obtained results only in a mild redistribution of polysomes into for the cop1-1 ⌬gcn2 double mutant (data not shown).
80S couples. Similar polysome profiles as for the eap1 These results confirm the requirement for phosphorylanull mutant were obtained for a ⌬caf20 ⌬eap1 double tion of eIF2␣ in at least the cop1-1 and end3-1 but not mutant (data not shown). This suggests that at least in the sec4-2 background to downregulate translation Eap1p is also involved in mediating the translation atteninitiation.
uation response triggered by CPZ in wild-type cells.
The fact that the absence of Gcn2p does not totally
To investigate whether Eap1p also has a role in signalsuppress the translation attenuation response in the ing the translation attenuation response after a vesicular end3-1 ( Figure 5B ) and cop1-1 (data not shown) mutants transport defect, we constructed sec4-2 ⌬eap1 and and that the phosphorylation on S51 of eIF2␣ is not stimulated in certain sec mutants (i.e., sec4-2 and sec7-1) end3-1 ⌬eap1 double mutants. These double mutant The Cell Integrity Pathway Is Not Required for the Translation Attenuation Response strains, the single mutants, as well as the isogenic wildtype strain were grown at 22ЊC, and shifted to 37ЊC for in CPZ-Treated Cells The finding that both CPZ treatment and mutations that 15 min, and then polysomes were analyzed. When ⌬eap1 cells were grown at 22ЊC, the polysome profile alter trafficking through the plasma membrane induce a translation attenuation response suggests a possible obtained resembled that of wild-type cells (data not shown; Figure 6A ). However, when cells were shifted to role for the cell integrity pathway in signaling this response. Indeed, a branch of this pathway mediates tran-37ЊC for 15 min, a mild increase in the 80S peak and a reduction in the polysome content were detected in scriptional repression of ribosome and tRNA synthesis in sec-defective cells (Li et al., 2000) . This branch re⌬eap1 cells but not in the isogenic wild-type strain (Figure 6B) . These results suggest that Eap1p plays a dual quires the upstream components of the cell integrity pathway, including the Wsc family of putative membrane role in translation initiation. First, Eap1p acts as a 4EBP and therefore has a negative role in cap-dependent sensors and the protein kinase Pkc1p (Li et al., 2000, see also Figure 7 ). Therefore, to determine whether Wsc translation (Cosentino et al., 2000) . Second, Eap1p may have a positive role in translation initiation under certain proteins and Pkc1p also mediate the translation attenuation response after a membrane stress, polysome prophysiological conditions (i.e., growth at 37ЊC), as suggested by the polysome profile ( Figure 6B ). In agreement file analyses were performed in wsc1 and pkc1 null mutants and the isogenic wild-type strain, in the absence with this positive function, disruption of EAP1 results in a substantial impairment of growth at elevated temperaand presence of CPZ. As shown in Figure 6C , attenuation of translation was observed for all three strains after tures (Cosentino et al., 2000) . When double sec4-2 ⌬eap1 and end3-1 ⌬eap1 mutant cells were grown at the CPZ treatment, as judged from the redistribution of polysomes into 80S couples. Altogether, we conclude endocytic pathway (end3-1) and in the retrieval transport from the Golgi apparatus to the ER (cop1-1) but not that the early Wsc1p and Pkc1p components of the cell in all sec mutants ( Figures 5A; data not shown) . This integrity pathway are not required for the translation indicates that certain sec mutants induce a different attenuation response, at least, in cells treated with CPZ.
(membrane) stress with the activation of distinct signaling pathways to attenuate translation initiation. Our reDiscussion sults suggest that components of the TOR signaling pathway do not contribute to the translation attenuation Cells require numerous interconnected regulatory cirin sec4-2 and end3-1 mutants and in CPZ-treated cells. cuits to cope with different environmental stimuli and Eap1p has been previously reported to be implicated in to compensate for defects in their intracellular machiner-TOR signaling (Cosentino et al., 2000) ; therefore, our ies. In yeast, one of these circuits connects the synthesis results suggest that Eap1p activity can be modulated of ribosomal components and tRNAs with the sec pathby more than one upstream pathway. yeast UPR. We show that the mechanism mediating translation
In conclusion, our results indicate that yeast responds attenuation in response to a membrane stress requires to a membrane stress by a regulatory mechanism that the protein kinase Gcn2p, its target eIF2␣, and the 4EBP involves both transcriptional and translational controls Eap1p (Figures 4, 5, 6A, and 6B) . Interestingly, the phos- (Figure 7) . While the transcriptional component downregulates expression of genes of ribosomal components phorylation of eIF2␣ is stimulated after a block in the 
